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Abstract. Electrical discharge machining (EDM) provides many advantages for the 
shaping of metallic materials. It also provides better surface quality for Ti alloys used 
in the defense industry.  In this study, experiments were carried out with different EDM 
parameters using the Titanium (Gr2) alloy. A number of novel industrial processes 
have been developed as a result of advances in technology. For a product to be 
developed, these novel approaches must be utilized to determine optimum parameters. 
The Taguchi method was applied in the experiments with EDM. The impact the test 
parameters had on the performance characteristics of tool wear rate, material removal 
rate, depth, and surface roughness were analyzed by the variance analysis (ANOVA). 
Quadratic regression analyses were carried out to reveal the correlation between the 
experimental results and the predicted values. According to the ANOVA results for 
material removal rate (MRR), tool wear rate (TWR), depth, and surface roughness, the 
most effective factor was amperage, at 99.66%, 99.56%, 87.95%, and 81.12%, 
respectively.  The best value for average surface roughness was determined to be 3.29 
µm obtained at 120 μs time-on, 8 A, and 40 μs time-off. 
Key Words: Electrical discharge machining (EDM), Taguchi method, Optimization, 
Titanium (Gr2), Material removal rate 
1. INTRODUCTION 
Electrical discharge machining (EDM) provides many advantages in the processing of 
specially shaped workpieces, irrespective of material strength or hardness [1]. The 
effectiveness of EDM is independent of the mechanical properties of the workpiece [2]. 
However, EDM has a lower processing speed than that of traditional machining methods. 
Furthermore, because of the cracks and micro-pits formed in the recast layer as a result of 
rapid cooling, less surface accuracy and a shorter cutting-tool life are obtained in molds 
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or machine parts, and thus, EDM has a low MRR and poor processing precision. 
Therefore, more detailed investigations are needed in order to overcome these 
disadvantages [3, 4]. 
The advantages of titanium alloys are recognized in many industrial sectors, including 
the defense, aerospace, and automotive industries, as well as for power generation, 
desalination, architecture, marine, and medical applications because of their high 
corrosion resistance, high strength, low specific gravity and high thermal resistance. 
Titanium Gr 2 is pure commercial alpha titanium. Titanium Grade 2 materials contain a 
minimum of 99% titanium elements. These alloys have very good corrosion resistance, 
mechanical strength and low weight, besides being extremely resistant to chemical 
environments such as alkali environments, organic acids and compounds, aqueous salt 
solutions and hot gases. Titanium Grade 2 materials are frequently used in the chemical 
industry, marine vehicles, aviation vehicles and medical parts. The selection of the 
parameters during machining affects surface quality and processing costs [5]. Difficult-
to-process titanium alloys can be processed easily with EDM [2]; however, the speed of 
processing and the quality of the surface must be increased. These development efforts 
are expensive due to a high cost of the titanium alloy, the long duration of the EDM 
process, and the need for extra testing. The Taguchi design optimizes a response variable 
with various control factors and noise factors. It is an efficient and inexpensive 
experimental design method using fewer resources than full factorial design. Because the 
Taguchi method greatly reduces the number of trials necessary for the experiments, in 
recent years, its advantage has been increasingly recognized [6]. In many studies, 
researchers have successfully optimized the parameters in the EDM process using the 
Taguchi method. Manisha et al. [7] machined the titanium alloy from the test material by 
using different parameters in the EDM optimized with the Taguchi method (L25). The 
parameters used in the experiments were determined as pulse duration (time-on), duty 
factor, discharge current [amperage (A)] and gap voltage (Vg). The analysis of variance 
(ANOVA) test showed that the most effective parameter for material removal rate (MRR) 
was duty (52.87%). According to the signal/noise (S/N) ratios, the optimum parameters 
were calculated as tone (30 μs), duty factor (9), current (50 A) and Vg (6 V). Vijay et al. 
[8] used the L9 orthogonal array Taguchi method to optimize the parameters used in the 
processing of a titanium alloy (Ti6Al4V) in EDM. The processing parameters were 
determined as three different on-time pulses, three different off-time pulses, fluid 
pressure, and voltage. They investigated material wear loss, tool wear loss, and surface 
roughness values and successfully determined the optimum parameters for MRR, tool 
TWR, and surface roughness. Sunil et al. [9] analyzed the results for MRR, TWR and 
surface roughness obtained by processing the titanium alloy Ti-6Al-4V using EDM via 
the Taguchi experimental design (L18). The parameters used in the experiments were 
selected as duty cycle, amperage, working time, electrode, voltage, retraction distance, 
pulse duration, and liquid pressure. They found that the most effective parameter for 
MRR was the duration of the pulse (tone), the increase of the washing pressure and the 
increase of the surface roughness. Jeavudeen  et al. [10] investigated the EDM machining 
performance of Titanium and HSS material of duty factor and the mixture of Alumina 
powder to dielectric. Taguchi's L9 orthogonal array was used to optimize its effect on 
MRR and tool wear index (TWI) in the EDM processing. The MRR results show that the 
current and dust concentration increase the material removal rate of the HSS and 
Titanium workpiece. The TWI of the HSS sample was also found to be higher than the 
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Titanium sample. Gaikwad et al. [11] machined EDM and NiTi alloy using a copper 
electrode. In their work, they discussed process parameters such as gap current, pulse on 
time, pulse off time. Using the Taguchi method, they found important process parameters 
affecting tool electrode and workpiece electrical conductivity, pulse on time, gap current, 
tool wear rate, and material removal rate. As a result of the study, they found the 
optimum tool wear rate of 0.031 mm3/min and the optimum material removal rate of 6.31 
mm3/min. Nagaraju et al. [12] machined 17-7 PH stainless steel using the EDM method. 
They used current, pulse on time, discharge voltage Surface Roughness, Overcut and 
Clearance in Electrical as processing parameters. They used Taguchi L9 orthogonal array 
to optimize parameters. Gugulothu et al. [13] investigated the effect of the Ti-6Al-4V 
alloy on the electric discharge treatment of drinking water as the dielectric liquid and 
graphite powder concentration. They examined the effects of discharge current, pulse on 
time, pulse off time and graphite powder concentration parameters on properties such as 
material removal rate, surface roughness and recast layer thickness. They used the 
Taguchi method for optimization of parameters. It has been found that the discharge 
current is the most important parameter affecting MRR, SR and RLT. Also, the dust 
concentration is less important. Lin et al. [14] examined the performance characteristics 
of SKD11 tool steel using EDM. The machining parameters were optimized with respect 
to the multiple performance characteristics. The experimental results demonstrated the 
effectiveness of this approach.  
Difficult materials can be easily shaped with EDM. This process has a low metal 
removal rate and a high tool wear rate. For this reason, this study aimed to increase the 
metal removal rate and reduce the electrode consumption without reducing the surface 
quality of the Titanium GR2 alloy. Many superalloys have been machined with EDM. 
However, research on EDM of pure titanium alloy Gr2 quality alloy is very limited. 
Kumar et al. [15] investigated the processing of biomedical Titanium alloys using EDM 
and WEDM. In their research, they examined many studies on the EDM processing of 
titanium alloys. According to their results, it is very advantageous to process titanium 
alloys with EDM. However, he states that the role of the EDM process for surface 
modification of Titanium Biomaterials is still in the experimental phase. Nimbalkar et al. 
[16] also reported that many studies need to be done to process titanium with EDM. 
Gupta et al. [17] also explained that there is room for improvement in processing 
Titanium with EDM. He also reported that the Taguchi Method can be used in the 
complex EDM optimization of Titanium. This study aims at increasing surface quality, 
reducing electrode consumption and shortening the processing time. 
Thanks to the EDM method, the machining of difficult materials has been made easy. 
Although the EDM machining is a time-consuming method, it can also be cost-effective.  
The studies have been done on titanium super alloy before surface quality, MRR and 
TWR of the titanium Gr2 the workpiece is not at the desired level. The studies on the 
machining of titanium super alloys with EDM have been limited. Comprehensive studies 
are required to increase the surface quality of the Titanium Gr2 alloy workpiece and to 
reduce the machining costs. In this current study, the effects of the parameters of pulse 
duration (time-on), waiting time (time-off), and amperage, on tool wear rate, cutting 
depth, and surface roughness were optimized by using the Taguchi method in the 
machining of the titanium alloy in EDM. It provided a comprehensive analysis of the 
EDM machining of Titanium Gr2 using both the Taguchi method and the Gray Relational 
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Analysis. In addition, the ANOVA and regression analyses were performed to interpret 
the results more accurately. 
2. MATERIAL AND METHODS 
2.1 Electrical discharge machine 
The King ZNC - K - 3200 Electro - discharge machine (Fig. 1) was used for the 
experimental trials in the study.  
 
Fig. 1 Electro-discharge machine used in the experimental work 
The electrical discharge machining process is a technique using sparks produced by 
electrical discharge to manufacture workpieces in accurate dimensions and shape [18]. 
The TWR and MRR are calculated using standard arithmetic equations. The differences 
in the weights of the workpiece and the electrode per minute, before and after machining 
is carried out, are used in the calculation of the MRR and TWR, respectively [19]. The 
formulae for calculation of the MMR and TWR are given as (Eq. 1) and (Eq. 2), 
respectively [18]. 




Here, MRR is the material removal rate (g/min), Wi is the initial weight of workpiece (g), 
Wf is the final weight of workpiece (g), and  t  is the duration of the experimental trial 
(min). 
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Here, TWR is the tool wear rate (g/min), Tiis the initial weight of electrode (g), Tfis the 
final weight of electrode (g), and t is the duration of the experimental trial (min). 
2.2 Material and electrode selection 
In the experimental work, nine 10 × 10 mm pieces of titanium (Gr2) alloys were used. 
Table 1 presents the workpiece material chemical composition and Table 2 gives its 
mechanical and physical characteristics. 
Table 1 Chemical composition of titanium Gr2 
C Fe N O H Titanium 
0.10 0.20 0.03 0.25 0.015 Balance 
Table 2 Physical and mechanical properties of Titanium Gr2 
 Properties Values 
1 Density, (g/cm3) 4.51 
2 Melting point, (°C) 1660 
3 Electrical resistivity, 10-6 (ohm•cm) 56 
4 Thermal conductivity, (W/m•°C) 20.8 
5 Specific heat, (J/Kg•°C) 520 
6 Tensile strength, (ksi) 50 
7 Yield strength, (ksi) 40 
8 Stretching, (%) 20 
9 Hardness, (HRB) 82  
The electrolytic copper electrode used in the EDM tests was 25 mm in diameter, with 
a density of 8.9 g/cm3 (Table 3). 
Table 3 Properties of the electrode 
 Properties Values 
1 Melting point (°C) 1083  
2 Elastic modulus (N/mm2) 1.23×105 
3 Poisson’s ratio 0.26 
4 Density (g/cm3)  8.9 
2.3 Scanning electron microscopy and measurement of surface roughness and 
weight  
Scanning electron microscopy (SEM) was performed using the FEI Quanta FEG 250 
instruments to examine and measure the built-up edge (BUE) occurring on the cutting 
tool. A MAHR meter was used to measure the surface roughness values at room 
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temperature. In order to minimize errors that may arise during the measurement, the 
surface roughness has been measured from five different locations. The measurement 
length was determined as 8 mm. A cut-off of 0.8 mm and a sampling length of 5.6 mm 
were set for the measurement of the surface roughness values during the machining of the 
workpiece. A Radwag precision scale (0.001 g) was used to measure the test sample 
weight loss.  
2.4 Taguchi method 
The Taguchi design of experiments (DOE) is used extensively in the industrial sector 
as well as in the academic field as a method of determining the parameters that are the 
most effective in accordance with the experimental results. Experimental design using the 
Taguchi method is a powerful statistical method for analyzing the interaction among 
variables [20]. The Taguchi method enables manufacturers to reduce the design and 
production time needed to develop their products, thus lowering costs and consequently, 
increasing their business profits [6, 21]. Moreover, the variables that are otherwise 
unaccountable and uncontrollable using conventional experimental design can be 
controlled with the Taguchi DOE. The objective function values are converted via the 
Taguchi method to a signal/noise (S/N) ratio, which allows the performance 
characteristics of the control factor levels to be measured against these factors. The S / N 
ratio expresses the relation of the strength of the signal to that of the noise [22]. The 
Taguchi test design measured each control factor combination for surface roughness (Ra) 
and the control factors were optimized using the S/N ratios. For the calculation of the S/N 
ratios, the objective functions, according to the characteristic type, are expressed as “the 
nominal is best” (Eq. (3)), “the largest is best” (Eq. 4) and “the smallest is best” (Eq. (5)) 
[23]. 
 The nominal is best: 
S
N















i=1  (4) 











i=1  (5) 
The aim of this study was to minimize surface roughness, MRR, and TWR, and to use 
the "the smallest is best" quality characteristic in (Eq. 5).  
2.5 Parameters and levels 
Table 4 shows the levels of the parameters of time-on, time-off, and amperage that 
were used for the experimental study. A constant cutting depth of 0.5 mm was used in the 
experiments. Time-on, Time-off and Amperage values were determined by making use of 
the studies. These values have been tested primarily with preliminary experiments. The 
values obtained later were designed using the Taguchi Method. These parameter levels 
indicated that the L9 Taguchi orthogonal array should be chosen as the most suitable for 
this study (Table 5).  
 Taguchi Optimization of Multiple Performance Characteristics in Electrical Discharge Machining... 7 
 
Table 4 Test parameters and levels 
Parameters Symbols Units Level 1 Level 2 Level 3 
Time-on A (µs) 120 122 124 
Time-off B (µs) 40 44 48 
Amperage C (A) 8 12 16 
Table 5 Taguchi orthogonal array design L9 
Exp. No. Factor A Factor B Factor C 
1 1 1 1 
2 1 2 2 
3 1 3 3 
4 2 1 2 
5 2 2 3 
6 2 3 1 
7 3 1 3 
8 3 2 1 
9 3 3 2 
3. RESULTS AND DISCUSSION 
3.1 Experimental results 
After a review of the relevant literature studies, the parameters were chosen 
accordingly for the use in the experiments. Table 6 shows the results of the experimental 
study. According to these results, wear loss of the copper electrode and titanium 
workpiece material, cutting depth and average surface roughness values were evaluated. 

































1 120 40 8 511.06 0.036 0.441 0.16 0.50 3.29 
2 120 44 12 207.70 0.045 0.368 0.16 0.41 4.38 
3 120 48 16 126.20 0.060 0.476 0.10 0.44 5.40 
4 122 40 12 278.36 0.068 0.483 0.10 0.48 4.12 
5 122 44 16 118.56 0.056 0.443 0.12 0.30 5.14 
6 122 48 8 705.50 0.047 0.517 0.12 0.50 4.06 
7 124 40 16 118.56 0.060 0.449 0.10 0.40 5.17 
8 124 44 8 666.13 0.048 0.547 0.10 0.50 4.24 
9 124 48 12 313.90 0.069 0.477 0.20 0.30 4.61 
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Since the electrical conductivity of the titanium material is low, it took a long time to 
remove 0.5 mm of material. After completion of the experiments, the maximum time 
(705.50 min) to achieve the treatment was seen in the 6th experiment, while the shortest 
processing time (118.56 min) was reached in the 5th and 7th experiments. It was 
recognized that the processing time decreased with the increase of amperage [3]. The 5th 
and 7th test parameters could be chosen as rough machining for this material in order to 
reduce the processing time. The minimum amount of electrode wear (0.036 g) was 
observed in the 1st experiment and the maximum electrode wear (0.069 g) in the 9th. It 
can be seen that the selected parameter values were not compatible with one another due 
to a high amount of electrode wear. The amount of electrode wear was less than that of 
material wear. The material wear amount and processing time were also parallel. The 
lowest average surface roughness was obtained under the processing conditions of the 1st 
experiment (120 μs time-on, 40 μs time-off, 8 A for 511.06 min). From this result, the 
processing time was found to be average. It appears that there was no specific 
relationship between the machining time and the surface roughness. Lin et al. [3] 
achieved similar results in processing titanium using EDM. Surface quality decreased 
with the increase of amperage. 
3.2 Surface analysis 
Many parameters such as pulse current, impact time, tool electrode and workpiece 
materials are effective on the surface integrity of the EDM applied surface [24, 25]. 
Examination of profilometry and SEM images was used to determine the average surface 
roughness values achieved via the experiments. The best surface roughness values were 
achieved in the 1st experiment (8 A, 120 μs time-on, and 40 μs time-off). The highest 
surface roughness value (5.40 μm) was obtained in the 4th experiment (16A, 120 μs time-
on, and 48 μs time-off). It can be concluded that the increase of the amperage value had a 
negative effect on the surface roughness. The formation of large craters as a result of a 
high amperage discharge adversely affected the surface roughness. The reason for the 
formation of surface cracks is tensile stress caused by shrinkage of the molten material 
during cooling of the workpiece surface after the spark. Surface cracks occur because the 
tensile stress of the material exceeds the final tensile stress in the white layer. Increasing 
amperage increases pits and micro holes. Thus, its amperage must increase in order to 
increase the MRR during electrical discharge. It creates larger and deeper craters and 
holes as the amperage increases [24, 26].These results are consistent with those of other 
studies [27]. Although amperage discharge negatively affected the surface, it shortened 
the machining time. Fig. 2 shows the average surface roughness (Ra) values as 3D 
images obtained via profilometer, with the low Ra values indicated in green and yellow. 
In contrast to the deeper pits, the highest Ra values are indicated by the red peaks formed 
on the surface. With the increase of the amperage, the surface roughness value was 
clearly increased [7]. 
The surface topography varied significantly depending on the electrical parameters of 
time-on, time-off, and amperage. The most important factors in the deterioration of 
surface quality were amperage and the time-on. With the increase of the time-on and 
amperage, an increase in the crater size was observed in the surface area. During the short 
time-on, electrical sparks were found to form small craters on the surface of the 
workpiece [28]. 
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Fig. 2 3D surface profile of test specimens: a) 1st sample, b) 3rd sample 
3.3 Microstructural analysis 
The very high temperatures generated at the spark point were a result of the energy 
discharged during the EDM process, and caused the evaporation and obliteration of 
portions of the sample surface. With each discharge flow, spherical particles were formed 
in the crater, and micro fractures and crater edges of various sizes were formed on the 
machining surfaces (Fig. 3) [29]. Examination of the SEM images of the machined 
surface showed that the first experiment yielded the lowest surface roughness. The low 
amperage (8 A) caused small gaps in the surface. In the 3rd experiment, the highest 
surface roughness value was obtained by the increase of amperage (16 A). This can be 
explained by the growth of the gaps in the surface profile and the heat input rates [30]. It 
has been reported in the literature that the craters formed on the surface grow with the 
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increase in the amount of amperage [27]. The SEM images of the machined surfaces 
show that the surface roughness of the1st sample (Fig. 3a) is better than that of the 3rd 
sample (Fig. 3b). The SEM cross-section views (Fig. 4) show the craters, micro peaks 
and material residue appearing on the surfaces, and a white layer (recast layer) can be 
seen [31]. The high amperage caused large craters to form. The white layer occurred due 
to sudden heating and cooling. This was the result of residual tensile stresses in the 
warming zone which caused surface fractures and surface defects on the workpiece [27]. 
The intensity and depth of surface cracks may vary depending on the machining 
parameters. It was found that the cracks increased with increasing amperage levels. The 
cause of this increase in the cracks was the surface tension which occurred in the material 
due to a high temperature formation during the time-on  [32].  
 
Fig. 3 SEM view of test specimens and EDAX analysis: a) 1st sample, b) 3rd sample 
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The recast layer (white layer) (Fig. 4) is the outer region of the heat affected zone. It 
is a layer formed by the overlapping of the molten and solidified workpiece material. 
This heat-affected solidified layer is a white layer that can be seen adjacent to the 
titanium [27]. These layers occurred due to a cut in the amperage. Some of the particles 
of the adherent material were removed by the dielectric fluid. Without moving away, 
some of them cooled down and amassed on the material to form a white layer [28]. 
The thermal under the workpiece top surface is dissipated more slowly than the top 
surface subjected to rapid cooling due to dielectric flow. Thermal transformation depends 
on the thermal behavior of the workpiece. Titanium alloys have lower thermal 
conductivity compared to steels. Under the white layer formed on the surface of the 
workpiece, a tempered layer is formed in the heat affected area. Finally, under the top 
two layers is the area of the workpiece that is not affected by the process. Among these 
three layers, the white layer is the most important one because of its direct contact with 
the liquid and gap environment. The thickness of the recast layer varies according to the 
EDM processing parameters [24, 33]. The formation of Titanium carbides caused by the 
white layer gives rise to hardness of the recast layer. 
It has been reported that the average thickness of the reformed layer is increased by 
increasing the amperage. As the amperage increases, the surface temperature reaches the 
melting point faster. Thus, the material removal rate increases. Increasing the amount of 
the melted particle increases the solidified particle ratio. Thus, the white layer formation 
also increases. As the pulse on time increases, so does the average thickness of the recast 
layer. Thus, with the pulse on time increasing, more thermal energy is transferred to the 
sample surface during electrical discharge in a single pulse. When the pulse on time 
increases, the melting regions penetrate deeper and cause more the MRR formation [24, 
34]. 
 
Fig. 4 SEM view of test specimen cross-sections and EDAX analysis: a) 1.Exp., b) 3. Exp. 
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3.4 Analysis of signal/noise ratio 
The Taguchi DOE was used to carry out the EDM tests and S/N ratios were applied to 
optimize the control factors [35]. Table 7 shows the S/N ratios of the resulting data.  
Table 7 Input and output parameters of titanium alloy according to L9 orthogonal array 
Exp
. No 
































1 120 40 8 0.00086 61.2808 0.00007044 83.0435 0.00097835 60.1902 3.29 -10.3380 
2 120 44 12 0.00177 55.0318 0.00021666 73.2845 0.00197400 54.0931 4.38 -12.8207 
3 120 48 16 0.00377 48.4690 0.00047544 66.4582 0.00348653 49.1521 5.40 -14.6416 
4 122 40 12 0.00174 55.2134 0.00024428 72.2422 0.00172434 55.2675 4.12 -12.2956 
5 122 44 16 0.00374 48.5512 0.00047231 66.5155 0.00253022 51.9368 5.14 -14.2183 
6 122 48 8 0.00073 62.7001 0.00006662 83.5280 0.00070872 62.9905 4.06 -12.1788 
7 124 40 16 0.00379 48.4343 0.00050604 65.9162 0.00337363 49.4381 5.17 -14.2647 
8 124 44 8 0.00082 61.7115 0.00007206 82.8464 0.00075060 62.4918 4.24 -12.5371 
9 124 48 12 0.00152 56.3655 0.00021982 73.1588 0.00095572 60.3934 4.61 -13.2813 
The S/N ratios and main effect plots for MRR, TWR, depth, and surface roughness 
are shown in Fig. 5. The lowest value for MRR (16 A, 124 μs time-on, and 40 μs time-
off) was determined to be 0.00377 g/min. The lowest wear loss for TWR (8 A, 120 μs 
time-on, and 40 μs time-off) was found to be 0.00007044 g/min. The best depth 
measurement (16 A, 124 μs time-on, and 40 μs time-off) was 0.00337363 mm/min. The 
best value for the average surface roughness was 3.29 μm (8 A, 120 μs time-on, and 40 
μs time-off). According to the S/N ratios, the most suitable parameter values for MRR 
were A3B3C1, for TWR A1B3C1, for depth A3B3C1, and for surface roughness A1B1C1. 
The effective control factors on the MRR, TWR, depth, and surface roughness values 
found according to the Taguchi Method are shown in the graphs in Fig. 5, and verify the 
experimental study results. The most effective parameters on the main effect graphs are 
indicated by the values nearest to the vertical.  The most effective parameter for MRR, 
TWR, depth, and surface roughness was determined to be amperage. The increase in 
amperage density leads to more energetic impulses resulting in higher material removal 
[36]. In the plasma channel, the accelerated ions collide with the workpiece surface. The 
material is removed from the workpiece due to the kinetic energy of electrons and ions. 
As the amperage increases, the speeds of the electrons and ions increase, causing their 
kinetic energy to increase. In other words, as the voltage increases, the kinetic energy 
increases the MRR [24, 37]. 
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Fig. 5 Main effect plot for S/N ratio for a) MRR, b) TWR, c) Depth and d) Ra 
3.5 Anova 
Analysis of variance (ANOVA) is used to calculate the significance of the difference 
between three and more independent means in a normally distributed series. The 
ANOVA compares cumulative arithmetic means of three or more groups alone. The 
ANOVA result is also significant when at least one of these comparisons is significant. 
The effects of time-on, time-off, and amperage on MRR, TWR, depth, and surface 
roughness were analyzed using ANOVA, carried out at a 95% confidence level and a 5% 
significance level [38]. The ANOVA results for the MRR, TWR, depth, and surface 
roughness are shown in Table 8 as 99.66%, 99.56%, 87.95% and 81.12%, respectively. 
Therefore, amperage was found to be the most effective factor, according to the 
contribution percent rates. The wear loss was positively affected by the increase in 
amperage, while the surface roughness value was negatively affected. The increase in 
amperage causes the work surface temperature to reach the melting point of the material 
faster. Thus, more material is removed from the sample surface in constant impact time. 
As the Time on increases, the average thickness of the white layer increases. The increase 
in time on causes more thermal energy to be transferred to the surface of the sample 
during electrical discharge in a single pulse. On the other hand, as the Time on increases, 
the melted isothermal regions penetrate deeper into the bulk material and the volume of 
the molten material increases. Thus, the average thickness of the white layer increases 
and adversely affects the surface roughness [24]. 
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Table 8 The results obtained from ANOVA for MMR, TWR, depth and surface 
roughness 
Material Removal Rate 
Source DF Seq SS Contribution Adj SS Adj MS F-Value 
P-
Value 
Time-on (µs) 2 0.0000000138 0.10% 0.0000000138 0.0000000069 1.66 0.376 
Time-off (µs) 2 0.0000000251 0.18% 0.0000000251 0.0000000126 3.02 0.249 
Amperage (A) 2 0.0000138805 99.66% 0.0000138805 0.0000069403 1666.44 0.001 
Error 2 0.0000000083 0.06% 0.0000000083 0.0000000042 
  
Total 8 0.0000139279 100.00% 
    
R-sq: 99.94%                                                               R-sq(adj): 99.76%                                                     R-sq(pred): 
98.79% 
Tool Wear Rate 
Time-on (µs) 2 0.0000000002 0.08% 0.0000000002 0.0000000001 1.20 0.454 
Time-off (µs) 2 
0.0 
000000008 
0.30% 0.0000000008 0.0000000004 4.47 0.183 
Amperage (A) 2 0.0000002632 99.56% 0.0000002632 0.0000001316 1503.96 0.001 
Error 2 0.0000000002 0.07% 0.0000000002 0.0000000001   
Total 8 0.0000002644 100.00%     
R-sq : 99.93%                                                              R-sq(adj) : 99.74%                                                  R-sq(pred): 
98.66% 
Depth 
Time-on (µs) 2 0.0000004486 4.69% 0.0000004486 0.0000002243 0.84 0.542 
Time-off (µs) 2 0.0000001713 1.79% 0.0000001713 0.0000000857 0.32 0.756 
Amperage (A) 2 0.0000084095 87.95% 0.0000084095 0.0000042047 15.82 0.059 
Error 2 0.0000005317 5.56% 0.0000005317 0.0000002658   
Total 8 0.0000095611 100.00%     
R-sq : 94.44%                                                              R-sq(adj) : 77.76%                                                       R-sq(pred): 
0.00% 
Surface Roughness 
Time-on (µs) 2 0.16276 4.57% 0.16276 0.08138 1.74 0.365 
Time-off (µs) 2 0.41551 11.67% 0.41551 0.20776 4.44 0.184 
Amperage (A) 2 2.88725 81.12% 2.88725 1.44363 30.84 0.031 
Error 2 0.09363 2.63% 0.09363 0.04682   
Total 8 3.55916 100.00%     
R-sq : 97.37%                                                              R-sq(adj) : 89.48%                                                 R-sq(pred): 
46.73% 
Seq. SS- Sequential sum of squares; Adj. SS- adjusted sum of squares; Adj. MS - adjusted mean squares; F- statistical 
test; P- statistical val. 
3.6 Regression analysis of factors 
The extent of the relationship among the variables was measured by regression 
analysis [39], which was used to calculate the formulae for MRR, TWR, depth, and Ra 
estimation. The linear models of surface roughness (Ra) estimates are given as (Eqs. 6), 
(Eq. 7), (Eq. 8), and (Eq. 9), respectively.  
 MRR (g/min)  =  0.00114 – [0.000023Ton] – [0.000015Toff]  + [0.000370A] (6) 
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 TWR (g/min)  =  −0.000614 + [0.000003Ton] – [0.000002Toff]  +  [0.000052A] (7) 
 Depth (g/min)  =  0.0139 – [0.000113Ton] – [0.000039Toff]  +  [0.000290A] (8) 
 Ra (m)  =  [−10.04 + 0.0797Ton]  + [0.0625 Toff]  +  [0.1715A] (9) 
The regression analysis calculated the VIF (variance inflation factor) = 1. This result 
showed that the regression model was valid.  
3.7 Estimation of optimum parameters 
An evaluation was necessary to determine whether the system optimization was 
sufficiently accurate. The Taguchi approach provided the optimum results. The estimated 
optimum values for MRR, TWR, depth, and Ra were found via (Eq. 10), (Eq. 11), (Eq. 
12), and (Eq. 13), respectively.  
 MRRP = TMRR + (A3 − TMRR) + (B3 − TMRR) + (C1 − TMRR) (10) 
 TWRP = TTWR + (A1 − TTWR) + (B3 − TTWR) + (C1 − TTWR) (11) 
 DepthP = TDepth + (A3 − TDepth) + (B3 − TDepth) + (C1 − TDepth) (12) 
 RaP = TRa + (A1 − TRa) + (B1 − TRa) + (C1 − TRa) (13) 
Here, TMRR, TTWR, TDepth, and TRa indicate the average of MRR, TWR, depth, and Ra 
values of the experiments. A comparison was made of the estimated values with the 
verification experiment values for determination of the confidence interval (CI). 
Equations (Eq. 14) and (Eq. 15) were used to calculate the CI for MRR, TWR, depth, and 
Ra. The estimated values should be within the 95% CI limit [31]. The symbols used in 
the CI equations are given in Table 9. 












Table 9 Confidence interval (CI) formulae symbols [20] 
No. Symbol Description 
1 Fα;1;fe F ratio at a 95% (at F table) 
2 α Significance level 
3 fe Degrees of freedom of error 
4 Ve Error variance 
5 r Number of replications for confirmation experiment 
6 neff Effective number of replications 
7 N Total number of experiments  
8 Tdof Total main factor degrees of freedom 
 
The average optimal Predict (Pred.) MRR, TWR, depth, and Ra with the CI at 95% 
was estimated as in (Eq. 16): 
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 [(TMRR,  TTWR, TDepth or TRa)]– [CI] < 𝑃𝑟𝑒𝑑. < [(TMRR, TTWRT, Th Depthor TRa)] + [CI] (16) 
In order to determine if the predicted experimental result values fell within the 95% 
CI, the quadratic regression analysis was performed to reveal the relation between the 
experimental results and the predicted values of the Taguchi optimization. The results of 
the regression analysis determined that the estimated values fell within the 95% CI limit 
(Fig. 6). 
 
Fig. 6 Comparison of predicted values and experimental results for output parameters, a) 
MRR, b) TWR, c) depth and d) Ra 
4. CONCLUSIONS 
This study investigated the parameters (time-on, time-off and A) used in the 
machining of a titanium alloy on an EDM machine. The results obtained both 
experimentally and statistically are given as follows: 
The best value for MRR was determined to be 0.00377 g/min obtained at 124 μs time-
on, 16 A, and 40 μs time-off. The best  value for TWR was determined to be 0.0086 
g/min obtained at 124 μs time-on, 8 A, and 40 μs time-off. The best value for depth was 
determined to be 0.00337363 mm/min obtained at 124 μs time-on, 16 A, and 40 μs time-
off. The best value for average surface roughness was determined to be 3.29 µm obtained 
at 120 μs time-on, 8 A, and 40 μs time-off.  
 According to the S/N ratios, the most suitable parameter values for MRR were 
A3B3C1, for TWR A1B3C1, for depth A3B3C1, and for surface roughness A1B1C1. 
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 According to ANOVA results for MRR, TWR, depth, and surface roughness, the 
most effective factor was amperage, at 99.66%, 99.56%, 87.95%, and ty81.12%, 
respectively.  
 Increase in the amperage positively affected the wear loss, whereas the surface 
roughness value was negatively affected. 
 The SEM images revealed that the lowest surface roughness value was measured 
in the first experiment. Increases in amperage values negatively affected the 
surface roughness and thus, low amperage (8 A) should be chosen for improved 
surface roughness. 
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